In Africa, many governments and development agencies have promoted aquaculture as a panacea for household food security, rural development, and poverty reduction. However, aquaculture production in the continent remains low despite significant investments in research and technology development. While numerous initiatives have been directed at technological innovation and transfer, their present scale of uptake is very slow and therefore inadequate to achieve transformational change envisaged in the 2030 Agenda for sustainable development.
Introduction small-or medium-sized feed mills in the region and in most cases switch to imported feed, which deliver a consistent performance. However, prices of imported feeds are extremely high, to the extent that many small-scale fish farmers in East Africa often abandon fish farming. Fish seeds are sourced from hatcheries which are owned by either the government or private farmers . The policy and legal framework for fish seed certification and mechanisms to monitor compliance to fish seed production, supply, and quality are weak and inadequate to guarantee high performance.
While new technologies and innovations are being developed to ensure high-quality and consistent supply of farmed fish to the markets, the impact and scalability of uptake is very slow and inadequate to achieve transformational change envisaged in the 2030 Agenda for sustainable development. In recent years, several studies have identified multiple factors that influence aquaculture technology adoption (Dey et al. 2010; Wetengere 2011; Kumar et al. 2018 ). However, Glover et al. (2016, p. 5) succinctly noted that "the technology adoption literature provides little insights into the scale or impacts of technological change in African agriculture, let alone the dynamics of these processes." Furthermore, the literature on the livelihood impacts of aquaculture technology adoption, especially in the context of smallholder households, is limited. In this study, we aimed to (1) analyze the factors that influence fish farmer's perceptions, attitudes, and behaviors toward aquaculture technology adoption and (2) determine the impacts of technology adoption on farmer's livelihoods. We grouped aquaculture technologies into five categories representing sustainable intensification, namely (a) culture systems, (b) fish breeding and genetics, (c) feeds and fish nutrition, (d) fish health and disease control, and (e) value addition techniques, post-harvest management, and marketing (Waite et al. 2014; Joffre et al. 2017) .
The research is focused in Kenya, where the government introduced a large-scale aquaculture subsidy program under the Economic Stimulus Programme (ESP) implemented from 2009 to 2012 (Ole-Moiyoi 2017). The ESP focused on pond construction, fish feeds and fingerlings supply, post-harvest management, and human resource capacity building of fish farmers and associated institutions. Prior to the ESP project in 2008, there were only 4,742 fish farmers countrywide with 7,530 fish ponds occupying 271 ha. The number of farmers increased tremendously to 49,050, with an estimated 69,998 ponds occupying 2,063 ha at the peak of the subsidy program in 2012 (Nyandat and Owiti 2013) . With supportive government policies and substantial public investments, aquaculture production in Kenya increased rapidly from less than 1000 tonnes in 2006 to 24,000 tonnes in the mid-2010s (Obiero et al. 2019b) including in regions of the country with little history of fish production or consumption (Ole-Moiyoi 2017). There is a total of 47 counties in Kenya which are geographical units envisioned by the 2010 Constitution of Kenya as the units of devolved government. Using data collected from 38 counties in 223 constituencies implementing fish farming in Kenya, Macharia and Kimani (2016) estimated a total of 32,000 fish farmers countrywide in 2015. The total area under fish ponds was 2,105 ha in 2013, but the area reduced to~1,808 ha in the year 2015 because of decline in number of ponds from 69,194 to 60,277 in 2 years (Macharia and Kimani, 2015) . Therefore, pond-based aquaculture production has registered depressed performance for the third consecutive year, with total fish output dropping by 34% from 18,656 tonnes in 2015 to 12,356 tonnes in 2017 (KNBS 2015 (KNBS , 2018 . These high rates of decline in number of fish farmers, ponds, and production present a unique scenario that warrants further investigation.
Analytical framework for technology adoption
In the agricultural sector, theoretical and practical approaches to promote adoption of new farming practices have been intensively studied (Kuehne et al. 2017) . The adoption literature record attempts to organize and classify the factors influencing technology adoption and diffusion of agricultural practices (Feder and Umali 1993; Rogers 2003; Kuehne et al. 2017) . Traditionally, theories dealing with decision-making processes have highlighted the role of extrinsic variables grouped into three categories: characteristics of the farmer, characteristics of the external environment, and characteristics of the innovation (Meijer et al. 2015) . For the aquaculture sector, numerous empirical studies (Dey et al. 2010; Wetengere 2011; Ndah 2015; Amankwah et al. 2016; Amankwah et al. 2018 ) and a recent review by Kumar et al. (2018) identified several factors driving aquaculture technology adoption. Though not exhaustive, Kumar et al. (2018) identified five broad categories: (a) source of information, (b) characteristics of the technology, (c) economic factors, (d) farm characteristics, and (e) sociodemographic and institutional factors. However, there are still relatively few attempts to make predictions about adoption outcomes using these factors (Kuehne et al. 2017) . Moreover, only a few studies have analyzed the factors influencing fish farmer's perceptions, attitudes, and behavior (Ndah et al. 2011; Wandji et al. 2012; Olaoye et al. 2016) . In this study, we present and apply a modified analytical framework, showing the linkages and interaction between extrinsic variables and intrinsic variables in the decision-making process of technology adoption (Fig. 1) .
Experts from diverse disciplines and backgrounds have paid close attention to the internal decision-making process that looks beyond the mere characteristics of farmer, environment, and technologies by including psychological and motivational factors in technology uptake (Meijer et al. 2015; McDonald et al. 2016) . For example, Davis (1989) proposed the Technology Acceptance Model (TAM) as a causal model whereby user acceptance and usage of technologies is determined by two key attitudinal components or beliefs, i.e., the perceived usefulness (PU) and perceived ease of use (PEOU) of the technology. Perceived usefulness of a technology reflects the benefits a person believes that technology can bring to improving their work performance, whereas perceived ease of use reflects the effort required to adopt and use the technology (Davis 1989; Flett et al. 2004; McDonald et al. 2016) . McDonald et al. (2016) demonstrated the substantial importance of both indicators to technology adoption decisions and proposed that future research, extension, and education programs should focus on the benefits and usability of key technologies and evaluate their scientific merit. Based on theoretical and empirical literature review, predictor variables influencing technology adoption are identified and summarized in Table 1 . The choice of intrinsic variables was guided by questions used in previous studies to determine perceived usefulness (PU) and ease of use of agricultural technologies (Flett et al. 2004; McDonald et al. 2016 ).
Materials and Methods

Study area and sample selection
The study applied a cross-sectional survey design to collect data using a pre-tested structured questionnaire administered to randomly selected fish farmers in Kenya. The data was collected between July 2017 and February 2018 in 9 counties selected based on five criteria, namely (a) high concentrations of aquaculture activity in terms of number of ponds and fish farmers; (b) high production potential areas supported by the aquaculture subsidy program; (c) existing infrastructure for fish processing, marketing, and research; (d) adequate water resources; and (e) marketing potential based on proximity to densely populated towns. The selected counties were Homa Bay, Kakamega, Migori, Vihiga, Nandi, Kiambu, Kirinyaga, Nyeri, and Meru (Fig. 2) .
To calculate the sample size for this study, we assumed a reduction in the number of fish farmers to be 10% based on observed trends, with a power of 80% and 95% confidence level using power one-proportion method in Stata 13 (StataCorp 2013). This resulted in 305 farmers but after adjusting for a 15% non-response rate, we needed 351 farmers distributed across the selected counties by the proportion of farmers in each county. A total of 331 respondents were interviewed in the study.
Data collection instruments
Farmers completed an interviewer-administered, digitized questionnaire conducted using Open Data Kit (ODK) suite, an open-source application installed on Android mobile phones (Tecno PhonePad 7 II Tablet). The electronic data capture replaces paper-based questionnaire forms and allows for in-built logical checks and skip patterns, thus enabling data to be Fig. 1 Analytical framework showing the linkages and interaction between extrinsic variables (a-d) and intrinsic variables (e), and the influence of the intervening variable (f) in the decision-making process of aquacultural technologies and potential livelihood impacts of technology adoption (modified from Meijer et al. 2015; Kumar et al. 2018) instantaneously uploaded to and stored securely in a password-protected online database (Hartung et al. 2010) . The structured questionnaire solicited information on socioeconomic and demographic details, fish farm profile and production characteristics, sources of information and extension services, farmers' awareness and adoption of aquaculture technologies, economic viability, and livelihood impacts of aquaculture technologies.
Data analysis
Data were analyzed using Stata version 13 (Corp 2013) and IBM SPSS Statistics for Windows, version 22 (Corp 2013). Descriptive analyses were done by use of counts, means, median, percentages, standard deviation, and ranges. Composite scores were calculated for Likert scale ranked data for ease of interpretation. Adoption score was calculated using the following ranks: adoption = 0 if the farmer reported awareness, interest, or decision to try different aquaculture technology components and adoption = 1 if the farmer had tried or fully adopted the various components of sustainable aquaculture intensification. As for the attitudinal statements, agree and strongly agree were coded as 1 and the other three scales (strongly disagree, disagree, and neutral) as 0. Inferential analyses were done using univariate and multivariate logistic regression models to identify the interaction effects of explanatory or independent variables on the dependent variable, i.e., the likelihood of technology adoption classified as high adopters and low adopters. Multivariate analysis included variables that were significant during univariate analysis but only one variable was picked among a group of Age Age of farmer in years 2.
Gender 1 if the farmer is male; 0 otherwise 3.
Education Level of education of the farmer 4.
Experience Years of fish farming experience of the farmer 5.
Occupation 1 if full-time; 0 otherwise (part-time farmer) 6.
Household size Number of family members Farm characteristics 7.
Diversified on-farm enterprises 1 if the farmer is engaged in on-farm enterprise; 0 otherwise 8.
Land tenure arrangements 1 if full-time owner; 0 otherwise (part owner) 9.
Fish farm size Land area utilized for fish farming 10.
Production status (yield) 1 if high production (> 1.5 kg per m 2 ); 0 otherwise (low) Sources of information/extension support 11.
Attended extension training 1 if the farmer has attended training; 0 otherwise 12.
Access to extension services 1 if farmer paid to access extension service; 0 if otherwise 13.
Satisfaction levels with extension 1 if the farmer is totally satisfied; 0 totally dissatisfied 14.
Fish cluster/group membership 1 if farmer belongs to a group; 0 otherwise Economic characteristics 15.
Source of capital 1 if farmers use personal savings; 0 if otherwise Characteristics of the technology (perceived attitudes by farmers) 16.
Important for farming needs 1 if technologies are important; 0 otherwise 17.
Better than replacement 1 if new technology is better than replacement; 0 otherwise 18.
Increase profits 1 if technologies increase profits; 0 otherwise 19.
Increase Yield 1 if technologies increase yield; 0 otherwise 20.
Saves time 1 if technologies save time; 0 otherwise 21.
Ease of understanding 1 if the technology is easy to understand; 0 otherwise 22.
Ease of handling 1 if the technology is easy to handle; 0 otherwise variables that were collinear. High adopters were farmers whose overall adoption score was above the mean adoption score of 4.7 (technically those who scored ≥ 5 points). All the explanatory variables were entered into the multivariate logistic model directly and resultant adjusted odds ratios (OR) and their 95% confidence interval (CI) reported (Stoltzfus 2011) . A hierarchical cluster analysis (HCA) was used to explore underlying constructs in the survey data to identify distinct farmer adoption categories based on measures of attitudinal statements and motivations for adoption (Mattia et al. 2016) . Additional discriminant and stepwise analyses were conducted on the resulting clusters to provide a subset of key variables to 
Results
Socio-demographic characteristics
Out of the 331 respondents, 258 (78%) were males. The mean age of fish farmers was 50.8 years (SD = 13.5), with the youngest being 19 years and the oldest 80 years. Overall, there were few women (22%) and youths of age ≤ 35 years (13.3%). Seventy percent of farmers had attained secondary education and beyond. Almost equal proportions of fish farming households were composed of 6 to 10 members (46.5%) and 45.9% for those with ≤ 5 members.
Most farmers (84.6%) practice fish farming as an income-generating activity, out of which 59% have practiced fish farming for over 5 years. Apart from fish farming, 91.5% of farmers have diversified into other on-farm agricultural activities including livestock rearing (56%), cereal production (45%), horticulture (39%), and industrial crop production (22%) as a strategy to increase their income sources. Eleven profiles were obtained through pooling five socio-demographic variables, i.e., age, gender, education, household size, and occupation to form a multivariate representation of the fish farming households. The higher the number of profiles (n ≥ 10), the greater the degree of homogeneity among fish farmers, and vice versa. Ten types of socio-demographic profiles were categorized as homogenous, constituting approximately 60% (n = 195) of all sampled fish farmers while 41% (n = 136) belonged to highly heterogeneous profiles, hence were lumped together in one profile. The largest profile (11%) consisted of males aged > 50 years who had attained secondary education/craft certificate (village polytechnics, vocational training institutes) and living in households with > 5 members. Five profiles consisted of male farmers aged < 50 years but with varying household sizes and education levels. Despite fish farming being male-dominated, two profiles were categorized as female-dominated, falling within the same age group (≤ 50 years) with diverse household sizes and education levels.
Farm production characteristics
Close to three quarters (72.8%) of farmers inherited the farmland from their family lineage while the rest purchased, leased, or rented the land for a specific period subject to payment of a fee or rent. The average agricultural farming household owns 5.4 acres of land with a standard deviation (SD) of 8.6 acres. The average land size utilized for fish farming is 0.21 (SD = 0.31) acres (≈ 850 m 2 ). The main reasons farmers venture into fish farming are to increase their incomes (91%) and provide food for their household (51%). The main sources of capital for initiating aquaculture enterprises is through borrowing from banks and microfinance institutions (66%). Worth noting is that 41% of farmers had initiated fish farming activities between 2009 and 2013, mainly supported by the government's aquaculture subsidy program.
Most farmers (84%) actively manage their ponds, with a few (11%) having dormant or abandoned ponds. Over 79% of farmers use earthen pond with an average size of 300 m 2 owned individually (≥ 80%) for the culture of tilapia and catfish species. Twenty-four percent of farmers use liner ponds for culture purposes. The median number of tilapia and catfish fingerlings stocked by farmers is 1,000 (Inter-Quartile Range (IQR), 500-1,500) for each culture period that normally lasts an average of eight months. Sixty-six percent of farmers reported low fish production during their last production cycle. The main reasons attributed to the low fish production were lack of quality and affordable fish feeds (40%), predation of fish (22%), and lack of quality fingerlings (18%).
Advisory and extension services
Over three quarters (77%) of farmers participated in aquaculture advisory, extension, and training programs. The farmers attended or received a mean number of two trainings per year. The main organizations offering advisory and extension services include County Fisheries Departments (43%) and non-governmental organizations or community-based organizations (31%). The knowledge and skills acquired by farmers during extension training are related to pond fertilization and liming (81%); pond design and construction (79%); fish feed formulation, processing, and management (74%); water quality management (71%); and record keeping and enterprise budgeting (64%). For the trained farmers, three quarters (76%) reported they acquired new knowledge and skills that motivated them to adopt new aquaculture technologies and increase their yields and household incomes as well as create employment opportunities.
Farmers participating in extension programs preferred a mix of extension approaches for delivery of training services-50% preferred training and visit approach, 20% favored farmer group training, and 13% liked "farmer to farmer" exchange visits to model farms. The four main extension methods used for disseminating aquaculture information include individual farm visits (68%); mass media (46%), e.g., radio and television; practical demonstration of technologies (37%); and theoretical training (36%). Most farmers (69%) are members of a group or cooperative/association supporting their fish farming operations. The median number of years of membership to either a group or an association is 3 (IQR, 2-5), with the median number of members per group being 23 (IQR, 15-50), while the median number of meetings held yearly is 8 (IQR, 3-12). The key benefits enjoyed by members of groups or associations include training and skills development (62%), linkages to extension providers (44%), better access to markets (42%), access to affordable finance and credit (35%), and sourcing of quality fingerlings and feeds (25%).
Across the five stages of technology adoption process, 62.9% of farmers are aware of new technologies while 28.7% are interested in adopting aquaculture technologies. On average, 26.3% of farmers are currently using supplementary or commercial fish feeds, 18.5% use breeding and genetic techniques, and 9.6% apply value addition and post-harvest loss reduction techniques. The main technologies fully adopted by farmers include use of hormonal sexreversed fingerlings (62.3%), supplementary feeds (60.4%), value addition techniques (30.8%), commercial pellet feeds (28.1%), complete starter feeds (26.6%), use of liner ponds (24.2%), integrated agriculture-aquaculture systems (19.6%), and on-farm feed formulation (19.3%). Few farmers have decided to try new technological innovations, but the adoption of modern culture systems, e.g., recirculation systems and aquaponic, is still extremely low (< 1%).
Predicting aquaculture technology adoption process and behavior
Several predictor variables were screened for analysis to show how they influence farmers' decision to adopt aquaculture technologies. The composite analysis shows that 99/331 (30%) of farmers were categorized as high adopters. At the univariate level, 9/22 predictor variables were positively and significantly associated with increased aquaculture technology adoption. These included secondary education and above (odds ratio [OR] = 4.46; 95% confidence interval [CI] 2.33-8.53), diversified on-farm agricultural activities (OR = 3.86; 95% CI 1.14-13.11), fish farm size (OR = 3.39; 95% CI, 1.14-10.04), production status (OR = 2.02; 95% CI 1.20-3.38), attendance of extension training (OR = 4.15; 95% CI 1.98-8.70), and satisfaction with extension services (OR = 2.21; 95% CI 1.29-3.78). In addition, three technology-related variables based on farmer's perceived attitudes, i.e., "increase in yield" (OR = 2.34; 95% CI 1.09-5.00), "ease of understanding" (OR = 2.10; 95% CI 1.27-3.48), and "ease of handling" (OR = 1.84; 95% CI 1.07-3.15) were significant predictors of higher adoption of aquaculture technologies (Table 2) .
Conversely, four variables were negatively associated with aquaculture technology adoption, including age, occupation, household size, and whether a technology is better than the replacement (Table 2) . At multivariate level, four variables remained significant positive predictors of higher adoption of aquaculture technologies, i.e., above secondary level education (adjusted odds ratio [aOR] = 4.31, 95% CI 2.14-8.67), fish farm size (aOR = 3.74, 95% CI 1.14-12.27), attendance of extension training (aOR = 3.25, 95% CI 1.49-7.10), and ease of understanding of technology (aOR = 2.39, 95% CI 1.36-3.48). Based on farmers' attitudes and perceptions toward technology adoption, a high level of agreement was observed across all attitudinal statements with an average median value of 4 (IQR 4-5, Table 3 . Four clusters were identified with the means of each cluster being significantly different from the other (p < 0.01). For clusters 1, 2, and 4, the means for perceived usefulness of a technologies were higher than those for perceived ease of use of technologies, while for cluster 3, the means were similar and represented the largest number (n = 155) of farmers interested in adopting new or existing aquaculture technologies.
Livelihood impacts of aquaculture technology adoption
Over 80% of farmers agreed that adoption of aquaculture technologies is positively and significantly associated with increased livelihood outcomes, i.e., increased fish consumption (OR = 4.57; 95% CI 1.36-15.38), increased incomes and profits (OR = 5.40; 95% CI 1.88-15.50), wealth creation (OR = 4.09; 95% CI 2.38-7.01), and creation of employment opportunities (OR = 4.09; 95% CI 2.01-8.31) (Table 4) . However, increased availability of fish in markets was positively associated but statistically insignificant (OR = 2.18; 95% CI 0.93-5.11). Farmers also reported that technology adoption is associated with an increase of 2-5 times in their livelihood outcome indicators.
Discussion
Fish farming in Kenya is dominated by men possessing secondary education certificate with over 5 years of fish farming experience. There are huge gender and youth disparities, with women composing less than a quarter of fish farmers in Kenya. These findings agree with studies by Ole-Moiyoi (2017) and Amankwah (2016) revealing fish farming households are predominantly headed by males. This is probably based on strong cultural norms that typically look to male heads of households as decision-makers while placing most household chores and responsibilities in the hands of women. As elaborated by Ndanga et al. (2013) , women's roles in aquaculture production activities are significant, but often under-recognized or "hidden" in aquaculture value chain analyses. Women's role is similarly masked by ownership of land and other production facilities frequently being formally or informally held by male household members (Kruijssen et al. 2018) . The low uptake of aquaculture among women and especially the youth is a threat to the social sustainability of aquaculture (Obwanga and Lewo 2017) . The average age of a fish farmer in Kenya is 60 years, which is striking because the country's demographic is skewed toward the young people (UNDP 2018). Even though Kenya's youth (18-35 years) account for 35% of the population and 60% of the total labor force, only 10% are directly participating in the agricultural sector (British Council 2018) . Recent trends indicate the youth population has opted to abandon agriculture in pursuit of white-collar job opportunities in urban centers (UNDP 2018) . Some of the critical barriers hindering the participation of women and youth in the aquaculture sector are low literacy levels, lack of access to capital, inadequate land ownership and markets. For fish farming to be attractive to the youth, there is a need to change business strategy by investing in modern technologies. This is because younger farmers are more innovative and prefer to keep up with new technologies and have longer planning horizons (Koundouri et al. 2006) . While farmers' age is negatively associated with technology adoption in the present study, there is no clear consensus on the effect of age on previous adoption decisions (Kumar et al. 2018) . Age is often cited in the literature as influencing technology adoption, but since its direction of influence is inconsistent between studies, it can be excluded as an explanatory variable (Pannell et al. 2006; Kuehne et al. 2017) .
Education is considered a key element for better employment opportunities. Kenya has made significant progress in recent years with primary education enrolment numbers now officially at 100% (British Council 2018). Education is positively and significantly correlated with aquaculture technology adoption (Pannell et al. 2006; Prokopy et al. 2008; Läpple et al. 2015; Ngoc et al. 2016) . Well-educated farmers are able to access information and knowledge of production processes and a higher capacity to process and analyze new information (Cofre-Bravo et al. 2018) . Uaiene et al. (2009) reported that education gives farmers the ability to perceive, interpret, and respond to new information much faster than their less-educated Is this technology able to increase production for you? 4 5 4 5 4( 4 -5)
Is this technology able to save you time? 3 4 4 5 4 (4-5) Perceived ease of use (PEOU) Is this technology easy for you to understand? 3 2 4 4 4 (4-5) Is this technology easy for you to use? 3 3 4 4 4 (4-5) Total (n = 331) 72 56 155 46
The scaling system 1-5 is categorized in order of importance (i.e., means in ascending of importance) *The interquartile range is equal to the difference between 25th and 75th percentiles, or between upper and lower quartiles counterparts. Amankwah et al. (2016) found that household heads in Kenya who had spent more years in school and operated fish farms for more than 5 years had high levels of technology adoption, which is vital for the sustainability of the sector.
The results indicate that large household size is negatively associated with technology adoption. In Kenya, smallholder agricultural families are usually large, with an average of seven members, out of which two are younger than 14 years of age (Rapsomanikis 2015) . In contrast, Danso-Abbeam et al. (2018) reported that large households tend to have the free labor supply toward the adoption of an innovation than the smaller households. In addition, larger households have more ability to participate in extra activities as they divide their manpower into various activities. Therefore, it is expected that, all else being equal, the larger the household size, the greater the probability of participation in technology adoption (Suvedi et al. 2017) .
Farm-specific characteristics, proxied by diversification of agricultural activities, farm size, and production status, had a highly significant and positive effect on aquaculture technology adoption. Farmers often diversify their activities as a risk management strategy to stabilize their incomes. The size of farms is often suggested as important in farm-based decisions on technology adoption and other agricultural activities (Kumar et al. 2018) . Farmers with larger farms, it is often suggested, are more likely to innovate and adopt improved aquacultural technologies than those with smaller farms (Wetengere 2011; Bosma et al. 2012) . The owners of large farms are usually wealthier and less risk averse to employ diversification strategies (Rapsomanikis 2015) . However, while a high proportion of fish farmers in Kenya continue to actively manage their fishponds, their production volumes remain low, hence hindering adoption of novel technologies. The low production status is mainly caused by high cost of inputs, inadequate supply of quality and affordable fish feed and fingerlings, limited financial and credit facilities, predation and theft, lack of skilled workforce, water scarcity, and complex and expensive technologies, which are consistent with previous studies (Rothuis et al. 2011; Munguti et al. 2017; Obwanga and Lewo 2017) .
Extension and advisory services play a major role in the promotion and adoption of sustainable aquaculture practices (Engle 2017; Kumar et al. 2018) . A major factor for China's success in maintaining a highly productive aquaculture sector is the presence of a national extension system with well-trained and qualified staff offering widespread outreach to producers (Msangi and Batka 2015) . In Kenya, several aquaculture extension programs have been launched (Ngugi and Manyala 2009) , and access to advisory and extension support services is well established in the study areas. Farmer's attendance of extension training programs and their satisfaction with extension services were significantly associated with high adoption decisions. Generally, farmer's knowledge about new technologies depends on several characteristics, i.e., their existing skills and knowledge, their involvement in farmer groups, and their usage of farm advisors and on the relative advantage of the practice (Kuehne et al. 2017) . Frequent visits to farmers coupled with issuing of simple materials for reading and constant communication by extension agents positively influences adoption behavior for fish farming (Wetengere 2011; Joffre et al. 2017; Kumar et al. 2018; Ngugi et al. 2018) . Amankwah et al. (2016) found that households receiving ten extension contacts per year have about 76% likelihood of purchasing large quantities of commercial pellets in Kenya. Therefore, extension service providers must devise optimum arrangements and appropriate technical specifications for public and private-sector extension support service for smallholders engaged in aquaculture. Based on these study results, extension approaches should contain an appropriate mix of practical demonstrations, Farmers' Field Schools (FFSs), and farmer-to-farmer exchange visits and methodologies that also maximize the participation of women (Faure et al. 2012 ). Misiko and Halm (2016) recommended using a mix or combination of extension delivery methods rather than concentrating on one as the most effective approach. Therefore, extension and advisory service provision not only promote the social sustainability of aquaculture program but also lead to increased farm productivity, incomes, and employment opportunities (Engle 2017) .
The key training needs that farmers lack and where extension workers can focus their efforts are mainly on business skills, such as production planning, cost and revenue recording, and marketing, as well as support in accessing finance to ensure fish farmers and input suppliers are equipped to invest in their businesses and increase their income. When given a choice, individuals usually choose to interact and communicate with a group with similar beliefs, education, and social status (Kumar et al.,2018) . Therefore, farmers' participation in groups exposes them to various information sources which enables them to analyze risks and benefits and take advantage of new innovations (Mignouna et al. 2011; Ghimire and Huang 2015; Suvedi et al. 2017) . Some of the benefits accrued by members of groups/associations include linkages and access to training and extension providers, better access to markets for their selling products, access to affordable finance and credit facilities, affordable sourcing of fingerlings and quality feeds, construction of ponds, and provision of fish storage services.
The choice of aquaculture technologies and their adoption levels remain a focus of smallholder farmers to increase production, productivity, and farm incomes (Ngugi et al. 2018) . The main aquaculture technologies ranked highly in this study were related to feed and seed production. Regarding feed production, the main technologies and innovations associated with increased incomes and profits include use of supplementary feeds, use of commercial pellet feeds, and use of complete starter feeds. Much of the aquafeeds used in Kenya are supplemental farm-made feeds either produced on-farm or by small-scale semicommercial feed manufacturers. Using socioeconomic survey data from 1000+ fish farming households in the Lake Victoria region, Ole-Moiyoi (2017) demonstrated that farmers using commercially formulated pellets realized yields of 321 kg pond −1 year −1 , farmers using their own formulated pellets obtained yields of 276 kg pond −1 year −1 , while those using "kitchen scraps" leftover from meals and food preparation obtained yields of 249 kg pond −1 year −1 . However, the development of aquaculture has been greatly constrained by the ever-increasing costs of fishmeal and fish oil. To remedy this situation, researchers and feed manufacturers have made significant progress to identify alternative ingredients from plant-based and insectbased protein sources for use in fish diets to develop cost-effective feeds that provide adequate nutrition while concurrently reducing the use of traditional sources of protein (Irungu et al. 2018; Ngugi et al., 2017; Onsongo et al. 2018) .
In terms of seed production, there exists three significant technologies and innovations used mainly in Kenya: (a) selective breeding to improve desirable traits in Nile tilapia and African catfish; (b) hormonal sex reversal to produce all-male tilapia fingerlings to control reproduction and improve marketability of Nile tilapia (Githukia et al. 2015; Nyonje et al. 2018) ; and (c) mass production of catfish fingerlings through artificial propagation using injections of pituitary hormones (Opiyo et al. 2017; Nyonje et al. 2018 ). Furthermore, Ole-Moiyoi (2017) reported that ponds containing monosex male tilapia reach higher yields (343 kg pond −1 year −1 ) much faster than fish reared in mixed-sex ponds (275 kg pond −1 year −1 ). However, hormone treatment has raised concerns because it may affect consumer acceptance of the fish, and hormone residues may damage water quality and biodiversity (Bink, 2019) . Despite the widespread use of hormones in monosex aquaculture, they are likely to alter various body systems, and possibly influence the susceptibility of fish to diseases and opportunistic infections, and they can pollute the environment (Abo- Al-Ela et al. 2017) . Therefore, further studies should be conducted to find alternative more safe ways to ensure all-male aquaculture production, based on the masculinizing effect of high temperatures, and other genetic improvements, involving the use of YY male breeders which give all-male progenies (Abo-Al-Ela 2018). Elsewhere, Henriksson et al. (2018) demonstrated that simple changes in fish farming technology and management practices could result in economic and environmental sustainability of aquaculture enterprises. To sum up, there is a need for adoption of a commercial-oriented approach focusing on investments to improve the productivity of existing smallholder aquaculture producers from the current average of 60-100 kg/pond up to 250-350 kg/pond through appropriate production technologies, proper management, and good-quality inputs (Ole-Moiyoi 2017).
The results show perceived usefulness and perceived ease of use are key indicators in determining technology adoption among smallholder farmers. For a technology to receive wider adoption, a significant number of farmers stated that it should be easy to understand, be easy to handle, and increase yield and incomes. In line with previous studies, perceived usefulness of technology had a greater relative influence on adoption and usage behavior of technologies than perceived ease of use of technology (Flett et al. 2004; McDonald et al. 2016) . Fish farmers categorized as high adopters reported increased aquaculture production and productivity, increased household incomes, and improved fish consumption and business opportunities in aquaculture. However, only 30% of fish farmers have fully adopted various aquaculture technologies, implying there are still gaps in technical skills hampering adoption of innovative technologies and best management practices. There is a need for research and extension service providers to improve technical skills and practical knowledge of fish farmers through assistance to women and youth to initiate projects by increasing the funding of training and extension programs at national and county levels. Although not all technologies are associated with higher aquaculture productivity, this study reveals that the most promising technologies that can lead to increased profit margins include use of sex-reversed fingerlings, use of complete commercial feeds, and use of valued addition methods. Therefore, a range of aquaculture-related extension and communication materials, including posters, hard copy information leaflets and brochures of recipes in appropriate languages, short video presentations, and radio features, should be initiated to support the smallholder farmers.
